In primary cultures of cerebellar granule cells, protein kinase C (PKC) translocation and activation can be triggered by the stimulation of excitatory amino acid neurotransmitter receptors. Glutamate evokes a dose-related translocation of 4-fi-[3H~phorbol 12,13-dibutyrate {[3H]-P(BtO)2} binding sites from the cytosol to the neuronal membrane and stimulates the incorporation of 32p into a number of membrane proteins, particularly protein bands in the range of 80, 50, and 40 kDa. The glutamate-evoked PKC translocation is Mg2" sensitive, is prevented by 2-amino-5-phosphonovalerate and phencyclidine, is not inhibited by nitrendipine (a voltage-dependent Ca2+-channel blocker) but is abolished by the removal of Ca2+ from the incubation medium, suggesting that glutamate-mediated Ca21 influx is operative in the redistribution of PKC. Exposure of granule cells to the gangliosides trisialosylgangliotetraglycosylceramide (GT1b) or monosialosylgangliotetraglycosylceramide (GM1) inhibits the translocation and activation of PKC evoked by glutamate. These glycosphingolipids fail to interfere with glutamate binding to its high-affinity recognition site or with the [3H]P(BtO)2 binding, nor do they affect the Ca2+ influx. These gangliosides may prevent PKC translocation by interfering with the PKC binding to the neuronal membrane phosphatidylserine.
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An increase of cytosolic free Ca2l may promote protein kinase C (PKC) translocation from the cytosol to the membrane and may prime the diacylglycerol activation of PKC by facilitating the binding of the enzyme to phosphatidylserine, a component of the inner lipid bilayer (1) (2) (3) . Since diacylglycerol can be produced by phospholipase C activation mediated by transmitter receptor stimulation in neurons, the activation and the translocation of PKC can be considered a long-term component of the cascade of events triggered by transmitter activation of metabotropic receptors (4, 5) . In addition to diacylglycerol and phospholipids, other classes of lipids located in neuronal membranes, such as lysosphingolipids and gangliosides, appear to participate in the modulation of membrane translocated PKC activity (6, 7) . This raises the possibility that in neuronal membranes, sialycation of gangliosides by enzymes of the outer or inner membrane surfaces (8) promotes a transmembrane "sphingoglycolipid cycle" (7) that may function as a negative effector system of PKC activity. Studies of synthetic diacylglycerol derivatives and phorbol esters have marshalled indirect evidence supporting a role for PKC in neurotransmitter synthesis and secretion and in the regulation of transmitter receptors and ion channels (9) (10) (11) . However, the physiological mechanisms by which PKC is translocated are bypassed by the use of these two classes of synthetic PKC effectors. The aim of the present study was to explore whether excitatory amino acid receptor agonists, in particular glutamate, stimulate PKC translocation from the cytosol to the neuronal membrane and allow the subsequent activation of this enzyme. Glutamate, an excitatory dicarboxylic amino acid transmitter, is a putative effector for receptor-operated metabotropic (12) or high conductance cationic channels in neurons (13, 14) . Hence, in cerebellar granule cell cultures glutamate receptor activation elicits a sustained increase in phosphatidylinositol turnover (5) , in cGMP content (15) , and in Ca2l influx (16) . We report here that stimulation of glutamate receptors translocates soluble PKC into the membrane and increases the phosphorylation of specific membrane proteins. Moreover, the granule cell pretreatment with sphingosine and gangliosides prevents glutamate-induced PKC translocation and activation.
MATERIALS AND METHODS
Granule Cell Cultures. Primary cultures of cerebellar granule cells were prepared from 8-day-old Sprague-Dawley rats (Zivic Miller) as described (17) . These cultures contain >90o granule cells, with -5% GABAergic neurons (18) and <5% glial cells (18 (Fig. 3 ). This increase is blocked when glutamate is added in presence of 2-amino-5-phosphonovalerate or after a pretreatment with sphingosine (Fig. 3) . The stimulation of protein phosphorylation does not result from a general increase in cellular ATP specific activity induced by glutamate, since the increase in phosphorylation is restricted to specific protein bands (Fig. 3) . Moreover, the total 32p incorporated into proteins does not vary as a result of the different treatments. The glutamate-elicited increase in phosphorylation of specific protein bands is mimicked by PTA (Fig. 3A) . The absence of Ca2+ from the incubation buffer but not the presence ofthe voltage-dependent Ca2+-channel blocker nitrendipine (16) abolishes glutamate-induced enhancement of [3H]P(BtO)2 binding ( In granule cells homogenized in a buffer containing 0.2 mM EGTA, the [3H]P(BtO)2 binding sites are equally distributed between the 48,000 x g pellet and the supernatant (Table 3 ).
CaCl2 (0.25 mM Ca21 + 0.2 mM EGTA) provokes an almost complete disappearance of phorbol ester binding sites from the supernatant and an associated translocation of these sites to the pellet (Table 3) . In parallel experiments, identical fractions were tested for PKC activity after the addition of Ca2 , phosphatidylserine, and dioctanoylglycerol, together with [y-32PIATP. After Ca2+ pretreatment of the homogenate, the 32p incorporation into proteins disappears from the supernatant fraction and increases in the pellet. The major PKC substrates in the pellet fraction have an apparent molecular mass of approximately 80, 76, 66, and 45-55 kDa on 10% NaDodSO4/PAGE. Sphingoglycolipid Regulation of PKC Translocation and Activation. Two-hour preincubation of the granule cell monolayers with sphingosine or sialic acid containing glycosphingolipids (gangliosides), followed by washout of these compounds in the presence of 0.1% bovine serum albumin, inhibits the glutamate-evoked increase in [3H]P(BtO)2 binding (Fig. 4) . The most potent ganglioside is GT1b (trisialosylgangliotetraglycosylceramide) (Fig. 4) (Fig. 2B) . Interestingly, GT1b ( Fig. 2A) In addition, cell pretreatment with sphingosine (Fig. 3A) or GT1b (Fig. 3B) (24) . Sphingosine and lyso-GM1 added to granule cell homogenates (Table 3) completely prevents the Ca2l-mediated translocation of phorbol ester binding sites from the supernatant to the pellet fraction, while GT1b is ineffective. Sphingosine and lyso-GM1 inhibition is not prevented by increasing the concentrations of Ca2+ up to 1 mM. Interestingly, both sphingosine and lyso-GM1 display an apparent competition with [3H]P(BtO)2 in the supernatant fraction only (Table 3) . DISCUSSION The major finding of this study is that, in granule cells, putative agonists of the excitatory amino acid receptors The activation and translocation of PKC by several excitatory amino acids is dependent on the presence of extracellular Ca2+ (Table 2) but is insensitive to the addition of the calcium-channel blocker nitrendipine (up to 1 ,uM) and has a pharmacological profile identical to the activation of the Mg2+-sensitive, glutamate-operated Ca2+ influx into granule cells (16) . These data support an involvement of glutamate receptor-operated cationic channels (13, 14) in PKC translocation. Furthermore, in granule cell homogenates pretreated with Ca2+, almost all PKC molecules disappear from the supernatant and translocate to the 48,000 x g pellet. This evidence is in accord with that indicating Ca2+-induced translocations of PKC molecules to erythrocyte ghost membranes (1) and phosphatidylserine-containing micelles (25) .
In glutamate-treated cerebellar granule cells, the enhance- 
